The World Health Organization (WHO) stated that globally, dental caries is the most important oral condition. To develop effective prevention strategies requires an understanding of how this condition develops and progresses over time, but there are few longitudinal studies of caries onset and progression in children. The aim of the study was to establish the pattern of caries development from childhood into adolescence and to explore the role of potential risk factors (age, sex, ethnicity, and social deprivation). Of particular interest was the disease trajectory of dentinal caries in the permanent teeth in groups defined by the presence or absence of dentinal caries in the primary teeth. Intraoral examinations to assess oral health were performed at 4 time points by trained and calibrated dentist examiners using a standardized, national diagnostic protocol. Clinical data were available from 6,651 children. Mean caries prevalence (% D 3 MFT > 0) was 16.7% at the first clinical examination (ages 7-9 y), increasing to 31.0%, 42.2%, and 45.7% at subsequent examinations. A population-averaged model (generalized estimating equations) was used to model the longitudinal data. Estimated mean values indicated a rising D 3 MFT count as pupils aged (consistent with new teeth emerging), which was significantly higher (4.49 times; 95% confidence interval, 3.90-5.16) in those pupils with caries in their primary dentition than in those without. This study is one of the few large longitudinal studies to report the development of dental caries from childhood into adolescence. Children who developed caries in their primary dentition had a very different caries trajectory in their permanent dentition compared to their caries-free contemporaries. In light of these results, caries-free and caries-active children should be considered as 2 separate populations, suggesting different prevention strategies are required to address their different risk profiles.
Introduction
Dental caries was confirmed by the World Health Organization (WHO) global review on oral health as the single most important oral condition worldwide . Although caries prevalence is falling in many Western countries, the disease still affects a significant proportion of children. In the United States, the National Health and Nutrition Examination Survey (NHANES) (2011) (2012) reported that over 50% of children aged 6 to 18 y presented with caries (Dye et al. 2015) . In England, the Children's Dental Health Survey (2013) (Pitts et al. 2015) reported that 40% of children aged 8 y had caries in the primary teeth and 10% had caries in their permanent teeth. At age 12 y, prevalence of caries in the permanent teeth had increased to 26% and to 39% in 15-y-olds. Oral health disparities by ethnicity (Dye et al. 2015) and deprivation (Pitts et al. 2015) are well established and can persist throughout the life course (Poulton et al. 2002 ). The consequences of caries for children include pain, swelling, problems eating and communicating, impact on quality of life, costs to society related to time off school, reduced productivity, and resources needed to treat the condition (Petersen 2005; Casamassimo et al. 2009; Cunnion et al. 2010) .
To develop effective prevention strategies requires an understanding of how caries develops and progresses over time, but there have been few, large longitudinal cohort studies completed in children. Traditionally, observational caries studies have been cross-sectional in design, which can be suggestive of risk factors for disease but are limited in terms of establishing relationships between exposure and outcome over time. In particular, there have been few longitudinal cohort studies bridging the transitional period between childhood and adolescence. This is an important period in the life course in terms of dental development, with the emergence of the permanent teeth, and social development as children become more independent.
The primary aim of this study was to describe the prevalence and incidence of caries in the permanent teeth in a cohort of children over a 7-y period, with a view to establishing the pattern of caries development. The secondary aim was to explore the role of potential risk factors (age, sex, ethnicity, and social deprivation) associated with caries. The disease trajectory of the groups defined by the presence or absence of caries (into dentine) in the primary teeth as a risk factor for caries (into dentine) in the permanent teeth was of particular interest.
Materials and Methods
This study aimed to clinically examine and follow up all school Year 3 pupils (aged 7-9 y) who attended any of the 207 statefunded primary schools in East Lancashire in the northwest of England in February 2006. The location was chosen for its comparatively high caries prevalence and the absence of a fluoridated water program (Pitts et al. 2006 Following the invitation to participate, consent was obtained initially at the school level, followed by parental and child consent. There were 4 waves of data collection in the study, bridging the primary and secondary school systems. Study consent was taken for waves 1 and 2. For waves 3 and 4, consent was separated into consent for a questionnaire of self-reported risk factors and consent to the intraoral clinical examination. For the purpose of this study, only clinical examination data were analyzed. After the first baseline clinical examination (CE1) at 7 to 9 y of age, 3 more follow-up examinations were conducted when the same cohort reached mean ages of 11 y (CE2), 13 y (CE3), and 15 y (CE4). CE1 and CE2 were carried out in primary schools; CE3 and CE4 were carried out in secondary (high) schools.
Schools with <10 children in the age group under study were excluded. All pupils registered in consenting schools in the age group under study were invited to participate. Throughout the study, we followed current National Health Service guidance on consenting children for observational studies (Rooney et al. 2010) . Before each clinical examination, parents and potential participants were sent participant information sheets explaining the study and consent process. In primary schools, participants who did not opt out and presented for examination were considered to have provided consent. In secondary schools, while participants could opt out, those who presented were asked to give informed consent.
The school provided each pupil's date of birth, sex, and home postcode. The postcode (geographic area with approximately 15 households) was used to link to a small area measure of socioeconomic position: the Index of Material Deprivation quintiles 2010 (IMDQ) (Communities and Local Government 2011; Mukund 2011; NPEU Tools 2013) . The Index of Multiple Deprivation, commonly known as the IMD, is the official measure of relative deprivation for small geographical areas in England. It combines information from 7 domains, including income, employment, crime, and health. It can be used to rank every small area in England in quintiles from IMDQ 1 (least deprived areas) to IMDQ 5 (most deprived areas). Ethnicity was reported by the parent according to nationally agreed categories (white, Asian, black, Chinese, mixed, or other) (British Association for the Study of Community Dentistry 2009). The first recorded sex, ethnicity, and home postcode data were used in the analyses.
At each clinical examination, caries was assessed using a UK national diagnostic protocol by trained and calibrated dentist examiners ; British Association for the Study of Community Dentistry 2009). A dentist recognized nationally as a "gold standard" provided training and acted as the standard for calibration. The diagnostic threshold for caries was visual assessment only of frank cavitation into dentine (d 3 , D 3 ). Calibration ranges were a sensitivity of 1.00 to 0.82 and a specificity of 1.00 to 0.99. Reproducibility for clinical caries scores was assessed using the κ statistic with a reexamination of 10% of participants. Intraexaminer κ was above 0.81 at each time point.
Data were analyzed with STATA 14 (StataCorp LP). A descriptive analysis of pupils' sociodemographic characteristics (age, sex, ethnicity, and social deprivation) was carried out. The characteristics of consenting and nonconsenting pupils were compared to assess representivity of the pupils under study and the potential impact of loss to follow-up.
The number of decayed (d/D), missing (m/M), and filled (f/F) teeth was summed to calculate individual whole-mouth d 3 mft values for primary and D 3 MFT values for permanent dentition separately. D 3 MFT was recorded for each individual at all 4 time points, and d 3 mft was recorded for CE1 and CE2 only. Using these 2 summary scores separately, each pupil was further categorized into caries-free (d 3 mft = 0, D 3 MFT = 0) and caries-active (d 3 mft > 0, D 3 MFT > 0) groups to calculate caries prevalence (percentage of pupils caries active) and for subgroup analysis.
Caries incidence in the permanent dentition was explored using a population-averaged (marginal) model with covariates of age, sex, deprivation, ethnicity, and caries absence or presence in the primary dentition. A negative binomial regression using generalized estimating equations with mean dispersion variance, unstructured correlation structure, and Huber-White sandwich estimator for standard errors was proposed as a suitable model to accommodate the overdispersion and longitudinal nature of the D 3 MFT count data. A number of different models were investigated (see Appendix "Model Selection" and Appendix Fig. 2 ). Model fit was assessed through the visual inspection of residuals, values of information criteria, and deviance.
Results
At CE1 and CE2, 92% (190/207) of primary schools agreed to participate in the study: 7 schools declined, 3 were due to close, and 7 had fewer than 10 pupils in the eligible age group (see Fig. 1 ). Seventy-five percent (27/36) of secondary schools at CE3 and 67% (24/36) of secondary schools at CE4 agreed to participate in the study. One school had closed and the remainder cited concerns about disruption to academic activities as reasons for declining to participate.
The number of pupils providing study consent and consent to intraoral examination (CE3 and CE4 only) is summarized in Figure 1 . At CE1, 518 pupils were absent from school on the day of examination or had left the school before the clinical examination, and therefore consent could not be sought; 5,470 of 5,649 pupils who were present on the day of examination consented (96.8%) and 179 withheld consent (118 parents and 61 pupils). At CE2, 908 pupils were absent from school on the day of examination or had left the school before the clinical examination; 5,476 of 5,618 pupils (97.5%) consented to the study and 142 withheld consent (83 parents and 59 children).
At CE3, 437 pupils were absent from school on the day of examination; 3,443 of 3,777 pupils (91.2%) consented to the study, with 69 parents and 265 children withholding consent; 3,036 (80.4%) consented to the intraoral exam, with 69 parents and 672 children withholding consent for this aspect of the study. At CE4, 756 pupils were absent from school on the day of examination; 3,190 of 3,295 pupils (96.8%) consented to the study, with 24 parents and 81 children withholding consent; 2,733 (82.9%) consented to the intraoral exam, with 24 parents and 538 children withholding consent.
The sociodemographic profile of participants is shown in Appendix Table 1 . Due to the small numbers of pupils in some of the ethnic categories, the sparsely populated categories of black (0.18%), Chinese (0.11%), and mixed or other (0.99%) were combined with the Asian category (22.8%) to form a binary variable of white (75.9%) and Asian or other (reference category) (24.1%). A significant number of participants were from more deprived backgrounds, with over 60% of pupils from IMD quintiles 4 and 5.
The sociodemographic characteristics of consenting pupils were similar to nonconsenting pupils (Appendix Table 2 ). Mean age in years was very similar for the consented and nonconsented groups. For those children who consented to an intraoral examination, there were slightly more males than females at each data point. This was reversed in the nonconsenting groups. There were a higher proportion of children recording their ethnicity as "white" in the nonconsenting group than in the consenting group.
In line with our secondary aim of exploring the disease trajectory of the groups defined by the presence or absence of caries (into dentine) in the primary teeth as a risk factor for caries (into dentine) in the permanent teeth, we present sociodemographic characteristics by subgroup in Appendix Table 3 .
In total, 6,651 pupils provided data from at least 1 clinical examination. Caries prevalence for primary teeth (d 3 mft) was 73.3% at CE1 and 49.8% at CE2; this lower prevalence was due to exfoliated primary teeth. Over the 7-y period of study, caries prevalence for permanent teeth (D 3 MFT) increased from 16.7% at CE1 to 31.0%, 42.2%, and 45.7% at CE2, CE3, and CE4, respectively (Table) . Caries prevalence increased over time for every quintile of deprivation (Appendix Fig. 1) .
The proportion of participants with caries in permanent teeth at every time point was higher for those who had caries in their primary teeth at baseline compared with those who were caries free in their primary teeth at baseline, and they had a higher mean D 3 MFT. At CE4, 22.1% of those who were caries free in their primary dentition at baseline had developed caries in their permanent dentition (mean D 3 MFT = 0.38; range, 0-6; n = 606) compared with 56.1% of those who had caries at baseline (mean D 3 MFT = 1.78; range, 0-13; n = 1,523). Figure 2 shows that those who are caries free in the primary dentition at CE1 are more likely to stay as caries free when they reach adolescence compared to those who have caries initially.
Initial covariates for the regression model included caries status in the primary dentition at CE1, ethnicity (white or Asian or other), sex, and IMDQ (Appendix Table 1 ). We investigated an interaction effect between age and caries status in the primary dentition at CE1, but this was not statistically significant (P = 0.09). The regression analysis model was based on 14,535 records from 5,048 pupils who contributed a D 3 MFT value from at (142) Non-Consent / ineligible: 17 schools (406 pupils) • <10 pupils in age group (7) • Refused (7) • Closing (3) Clinical Examination 3 June 2011 -January 2012
Approached to consent (36 schools) Non consent: 9 schools (2798 pupils) • Declined (9) Consented (27 schools least 1 of the 4 clinical examinations and values for all covariates in the model. All main effect covariates were found to be statistically significant. Mean predicted values indicated a rising D 3 MFT count as pupils aged (consistent with new teeth emerging). These values were 4.5 times higher (95% confidence interval, 3.90-5.16) in those pupils with caries in their primary dentition at CE1 than in those without. This separation of the 2 trajectories can clearly be seen in Figure 3 , where for illustrative purposes, covariates for sex, ethnicity, and deprivation have been fixed at male, white, and most deprived IMDQ. From the adjusted model (Table) , white and female are associated with higher D 3 MFT count; D 3 MFT count is highly statistically significant with IMDQ (P < 0.001) and increased with increasing levels of deprivation as indicated by the IMDQ.
Figures corresponding to other combinations of categories can be plotting using the coefficients provided in the Table.
Discussion
The main purpose of the study was to describe the development of caries over 7 y in a cohort of children from ages 7 to 16 y. It is the first of its type in the United Kingdom and one of the largest and longest duration internationally. It is clear from these results that even in England, which has the lowest caries rates for 12-y-olds in Europe (Malmo University 2016), dental caries in disadvantaged areas of the country continues to be a major public health problem, affecting over 50% of this study Huber-White sandwich estimator of variance was used, which produces valid standard errors even if the correlations within group are not as hypothesized by the specified correlation structure and accounts for clustering in the data. b IMDQ P < 0.001. *P < 0.05. **P < 0.01. ***P < 0.001. Figure 3 . Estimated mean D 3 MFT for male, white, and Index of Material Deprivation quintile 5 (most deprived) subgroup by clinical examination 1 (CE1) d 3 mft caries status. CI, confidence interval; D 3 MFT, number of decayed, missing, and filled teeth for permanent dentition; d 3 mft, number of decayed, missing, and filled teeth for primary dentition.
Figure 2.
Distribution of D 3 MFT by d 3 mft caries status and clinical examination (CE). D 3 MFT, number of decayed, missing, and filled teeth for permanent dentition; d 3 mft, number of decayed, missing, and filled teeth for primary dentition.
population. The findings support previous studies that caries is significantly associated with deprivation but that the disparity widens with age with a negative impact on quality of individual and family life (Ravaghi et al. 2016) . A key finding of our study was the significant association between caries in the primary teeth (ages 7-9 y) and caries in the permanent teeth. Our data show that the development of caries in the primary dentition means that children embark on a very steep and different disease trajectory in their permanent dentition to children whose primary dentition is caries free.
The main strength of this study was the number of participants recruited and followed up over a 7-y period. This large study with high-quality continuous data provides information on caries development and progression during a period of the life course that we know little about. This is an important age group as children transition from the primary to the permanent dentition and start to become more independent. The change in social environment experienced in these years will influence caries risk and have a lifelong impact on oral health. Furthermore, as this was a school-based study, eligibility was not restricted to children and adolescents registered with or attenders of general dental practices. This information provided by this whole-population approach improves our understanding of caries development and progression in underserved populations.
The study populations at baseline and follow-up were similar in terms of sociodemographic values (sex, IMDQ, and ethnicity), suggesting loss to follow-up had a limited impact on the findings. The sociodemographic profile of the study cohort was similar to the reference population of the region, with a significant subpopulation from an Asian ethnic background and high levels of deprivation, both associated with increased caries prevalence, which explains why the caries prevalence in the cohort was higher than national norms (Pitts et al. 2015) . A weakness of the study was loss to follow-up, particularly between CE2 and CE3. The main reason for loss to follow-up was that over 25% of the secondary schools, accounting for >40% of pupils in the study locality, did not consent to take part. These schools refusing access represented the larger schools in the area. Milsom et al. (2011) reported that epidemiological studies in the region showed that children from larger schools had higher caries prevalence and levels of deprivation (participation bias), so caries incidence and prevalence may have been underestimated in this study.
The caries assessment method used diagnosed caries at a late stage: caries into dentine. This decision was taken as the study was designed to take a public health perspective. Cavitated caries requires treatment and therefore has implications for children and their parents and the health care system in terms of costs and capacity. The caries assessment method we used is the same method used in local and national disease surveillance programs and therefore enabled comparison with recent and future cross-sectional epidemiological findings . A finer level of caries diagnosis (e.g., using the ICDAS [International Caries Diagnosis and Detection System] stages 2 and 3) would have provided useful additional information but would have added to the time required to undertake the assessments and could have compromised recruitment and particularly retention in secondary schools. Retaining interexaminer agreement, particularly in a study of this size, could also pose problems.
The findings of this study have implications for the design of oral health prevention strategies. Our results show that deprivation remains an important predictor of future caries and that children who have caries in their primary dentition follow a steep disease development trajectory in their permanent dentition. The key predictor of caries in the permanent teeth was previous caries experience. Children who have primary dentitions that are caries free and caries-active children should be considered as 2 different populations for prevention strategies due to their very different risk profiles.
There is a correlation between parental oral health, parental behaviors, and locus of control, which can affect the oral health risk of young children (Duijster et al. 2015) . Parallel qualitative research on this study population (Hall-Scullin et al. 2015) showed that participants perceived that the example set by their parents in early childhood was the dominant influence on their oral health in adolescence. The Dunedin project (Thomson et al. 2004) reported an association across the life course between unfavorable dental health beliefs and poorer oral health and demonstrated that it is possible to change the behaviors between adolescence and adulthood, but these behavioral changes can be unstable. This study suggests that prevention of caries in early childhood is critically important to prevent children embarking on a "fast train" disease trajectory, which will have lifelong consequences, but the evidence base for effective interventions to instill risk-reducing behavior in very young children is lacking.
This observational study raised 2 significant research questions: how do we keep very young children caries free, and once a child develops caries, how do we slow down and stop the process? The same interventions may not provide the answers to both questions. For example, the assessment of caries in the primary teeth (caries free or not) could be used to identify at-risk children for a targeted caries prevention program such as fissure sealants as soon as permanent teeth erupt.
The findings of this study illustrate the significant longterm consequences of developing caries in early childhood. The widening of the social gradient of disease with age also emphasizes the need for dental public health improvement strategies to address the social determinants of dental disease.
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